This study shows lithosphere evolution history in the west North China Craton (NCC) from the early Cretaceous to Quaternary by studying the major element, trace element and Sr-Nd-Hf isotope compositions in Jining basalts of 119.6108.6 Ma, 23.521.9 Ma and 1.30.11 Ma.
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"cratonic" mantle lithosphere into a young, warm, thin and depleted mantle lithosphere (Menzies et al., 1993; Griffin et al., 1998; Xu, 2001 ). This tectonothermal activity was accompanied by large scale calc-alkaline and alkaline volcanisms, development of large sedimentary basins, high surface heat flow and a change in the geochemistry of mantle xenoliths carried by Mesozoic and Cenozoic basalts (e.g., Griffin et al., 1998; Fan et al., 2000; Xu, 2001; Ren et al., 2002; Gao et al., 2002) . Mantle plumes have been proposed as a mechanism causing the Mesozoic lithosphere thinning and volcanism through to the Cenozoic in eastern China (Deng et al., 1998 (Deng et al., , 2004 , but the observation that the "cold" subducted Paleo-Pacific slab lies in the mantle transition-zone (between 410660 km seismic discontinuities) beneath eastern China (Kárason and Van der Hilst, 2000; Zhao, 2009) argues against the presence and working of hot mantle plumes beneath eastern China (Niu, 2005) . Other interpretations on the lithosphere thinning or "destruction" of the NCC include:
(1) lithosphere delamination (e.g., Gao et al., 2004 Gao et al., , 2009 Xu et al., 2006) ; (2) thermal and chemical erosion (e.g., Menzies et al., 1993; Griffin et al., 1998; Xu, 2001) ; and (3) basal hydration weakening that converts the base of the lithosphere into asthenosphere in terms of physical properties (Niu, 2005) .
It should be noted, however, that all the above interpretations on the NCC lithosphere thinning have been based on studies of
Mesozoic and Cenozoic volcanic rocks and their xenoliths in the East North China Block (i.e., EB in Fig. 1a ; e.g., Deng et al., 1998 , 2004；Xu, 2001 Zhang et al., 2002; Wu et al., 2003；Gao et al., 2004；Xu et al., 2006 and Trans-North China Orogen (i.e., TNCO in Fig. 1a ; e.g., Xu et al., 2005; Tang et al., 2006) . Few Mesozoic and Cenozoic volcanic rocks from the West North China Block have been reported until Chen et al. (2004) mostly because of their rarity. Chen et al. (2004) first described mantle xenoliths hosted in the Miocene basalts in Siziwang Qi, Inner Mongolia (Fig. 1b) , and there have been recent petrological and geochemical studies on these basalts and their hosted crustal and mantle xenoliths (Zhang et al., 2005; Zhang and Han, 2006; Li et al., 2006; Yang et al., 2009; He et al., 2009; Jing et al., 2010; Ho et al., 2011; .
In this paper, we present major element, trace element and Sr-Nd-Hf isotope data on basalts of the early Cretaceous (119.6108.6
Ma; Zhang et al., 2005) , Miocene (23.521.9 Ma; Chen et al., 2004; Zhao et al., 2013) and Quaternary (1.30.11 Ma; Ho et al., 2011) in Jining area (in the West North China Block) with the aim of understanding their source compositional changes through time, which may reflect lithosphere evolution of the region, and may thus offer new perspectives on the NCC destruction on a greater spatial scale than previously thought.
Geological setting and samples
Jining, in central Inner Mongolia, is located near the northern margin of the west NCC (Zhao et al., 2001) . To the north is the Central Asian Orogenic Belt, which is the result of closure of the Paleo-Asian Ocean in the late Jurassic (Yin and Nie, 1996) . Alkaline volcanism (spatially scattered) occurred in the Jining area during the early Cretaceous (Zhang et al., 2005; Li et al., 2006) , and Zhang et al. (2005) suggested that these alkaline basalts are shoshonites. The Cenozoic saw a large scale of volcanic activities (>~8000 km 2 ) in this region, forming the Jining Cenozoic volcanic province (Zhang and Han, 2006; Ho et al., 2011; , which is the westernmost
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volcanic province in the NCC. This volcanic province could be genetically related to other Cenozoic volcanic provinces nearby such as Hannuoba , Chifeng (Han et al., 1999) , and Abaga (Ho et al., 2008) . The Jining Cenozoic basaltic volcanism spanned a long period from the late Oligocene to the Quaternary (~33~0.1 Ma) as evidenced by K-Ar dating, stratigraphy and paleontology (Luo and Chen, 1990; Chen et al., 2004; Zhang and Han, 2006; Ho et al., 2011; Zhao et al., 2013) . considered the eruption mostly occurred in the Miocene.
In this study, we discuss the results of our study on Jining basalt samples collected from four locations (Fig. 1b) , ranging in age from early Cretaceous (119.6108.6 Ma; Zhang et al., 2005) to Miocene (23.521.9 Ma; Chen et al., 2004; Zhao et al., 2013) and to Quaternary (1.30.11 Ma; Ho et al., 2011) .
Early Cretaceous basalts of 119.6108.6 Ma
The 119.6108.6 Ma basalts are scattered in the Siziwang Qi area ( Fig. 1b ; 112°00'113°00'E, 42°00'42°15'N) with highly restricted outcrops because of the vast grassland. Zhang et al. (2005) first reported these basalts and gave a K-Ar age of 119.6108.6 Ma.
The samples (named WYF) in this study were collected in an open pit (112°01'13.0"E; 41°59'16.3"N) , ~80 km northeast of Siziwang Qi (Fig. 1b) . These basalts are massive flows, containing abundant granulite xenoliths (He et al., 2009) . The samples are porphyric with <5 % phenocrysts, mostly plagioclase (~0.5~1.0 mm in size) and minor olivine and Fe-Ti oxides (Fig. 2a, b) . The groundmass consists of quench plagioclase, olivine, clinopyroxene and Fe-Ti oxides.
Miocene basalts of 23.521.9 Ma
Our 23.521.9 Ma samples were collected from Dongba and Youyinggou (see Fig. 1b ), the westernmost Cenozoic basalt outcrops in the NCC. The Dongba (named DB) basalts crop out ~20 km south of Siziwang Qi (Fig. 1b; 111°43'46.5"E; 41°22'45.6"N) . Chen et al. (2004) reported a whole-rock K-Ar age of 21.9 Ma for the Dongba basalts. These basalts are fresh and porphyritic with <10 % phenocrysts of olivine (0.20.5 mm in size). The groundmass consists of olivine + clinopyroxene + plagioclase + Fe-Ti oxides (Fig. 2c ).
These basalts also contain abundant mantle (spinel lherzolite) and crustal (granulite) xenoliths (Jing et al., 2009 ).
Youyinggou basalts (named YYG) were sampled from ~30 km southwest of Jining city (112°52'35.9"E, 40°50'17.8"E; Fig. 1b) . Zhao et al. (2013) recently gave a whole-rock K-Ar age of 23.5023.35 Ma for these basalts. Youyinggou basalts are fresh and porphyritic, with <5 % phenocrysts of olivine (0.2-0.5 mm). The groundmass consists of olivine + clinopyroxene + Fe-Ti oxides (Fig.   2d ). Mantle xenoliths (spinel lherzolite and minor phlogopite-bearing spinel lherzolite) are common in these basalts  A C C E P T E D M A N U S C R I P T
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143 Nd/ 144 Nd = 0.512101±4 (n=7, 2SD). Hafnium isotopic ratios were determined using MC ICP-MS in the IGG-CAS (Yang et al., 2010 Hf = 0.7325 using the exponential law for mass-bias correction Table 1 gives the major and trace element data and Table 2 presents the Sr-Nd-Hf isotope data. Initial Sr-Nd-Hf isotopic ratios were calculated using the emplacement ages of 119.6 Ma and 23.5 Ma for Jining basalts, respectively. We did not calculate initial isotopic
Results
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ratios for the young Quaternary Jining basalts.
Major element data
All the five Jining 119.6108.6 Ma samples display a narrow compositional range and high total alkalis (Na 2 O+K 2 O = 6.086.55
wt.%), and can be termed basaltic trachyandesite (see Fig. 3 ). They are hypersthene or nepheline normative (Fig. 4) and can be further classified as olivine tholeiites and alkali olivine basalts using the Ne-Ol-Di-Hy-Qz tetrahedron. While the 119.6108.6 Ma basalts show small compositional variation, the correlated trends are apparent in MgO-variation diagrams of SiO 2 , TiO 2 and T Fe 2 O 3 (Fig. 5) .
The Jining 23.521.9 Ma basalts display lower SiO 2 and a slightly higher total alkalis (K 2 O+Na 2 O = 5.808.17 wt.%). They are nepheline-normative and can be termed alkali olivine basalts in general (Fig. 4) . These Miocene basalts have a larger range of MgO and form good compositional trends in MgO-variation diagrams (Fig. 5) (Fig. 4) . Despite the limited number of samples, they form compositional trends similar to those defined by the 23.521.9 Ma basalts except for TiO 2 , which displays an inverse TiO 2 -MgO trend qualitatively consistent with a low-pressure liquid line of descent (Fig. 5 ).
Trace element data
In chondrite-normalized rear earth element (REE) diagram (Fig. 6a) (Fig. 6e) . In primitive mantle normalized multi-trace element spidergram (Fig. 6f ), these Quaternary basalts display similar characteristics when compared with the 119.6108.6
Ma basalts, i.e., conspicuous positive Nb and Ta anomalies with essentially no Ti anomaly (see Fig. 6f ).
In general, the abundances of Rb, Ba, Nb, Ta, U, Sr, La, Pb, Zr and Nd are well correlated with Th in Jining basalts of 23.521.9 Ma A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT and 1.30.11 Ma. However, a small number of 23.521.9 Ma samples show anomalously high Rb and Ba (Fig. 7a, b) . In comparison, the 119.6108.6 Ma basalts display very limited variation of trace elements (Fig. 7) , but show significantly higher Rb and Ba than the Jining Cenozoic basalts (both of 23.521.9 Ma and 1.30.11 Ma; Fig. 7a, b ). corresponding to ε Hf (t) = ~-0.07). In Sr-Nd isotope space (Fig. 8a) , the five samples together with the two literature data (Li et al., 2006) plot away from the field defined by the depleted mid-ocean ridge basalts (MORB) and OIB, but in the field of Paleozoic kimberlite from Mengyin, Shandong province (Zhang et al., 2002 (Zhang et al., , 2008 . In ε Nd (t) vs. ε Hf (t) diagram (Fig. 8b) , the five samples resemble high-Mg andesites from Wulanhada, Liaoning province Fig. 8a , like all other Cenozoic basalts from the east NCC (Peng et al., 1986; Song et al., 1990; Zhi et al, 1990; Basu et al., 1991; Liu et al., 1995a Liu et al., , 1995b . In ε Nd (t) vs. ε Hf (t) diagram (Fig. 8b ), all the six samples plot in the field defined by the Cenozoic basalts from the east NCC Zhu et al., 2012; .
Sr-Nd-Hf isotopes
The Jining Quaternary basalts show depleted and relatively uniform Sr-Nd-Hf isotopic compositions (i.e., 87 Sr/ 86 Sr = 0.7040720.704414; ε Nd = 1.684.26; ε Hf = 3.846.02). These basalts well plot in the field defined by the Cenozoic basalts from the east NCC (Peng et al., 1986; Song et al., 1990; Zhi et al, 1990; Basu et al., 1991; Liu et al., 1995a Liu et al., , 1995b Yang et al., 2006; Zhu et al., 2012; in both Sr-Nd and Nd-Hf isotope spaces (Fig. 8 ).
Discussion
Shallow-level processes
Effect of post-magmatic alteration
Most samples of all the three Jining basalt suites are fresh as shown petrographically ( Fig. 2 ), indicated by low LOI values (mostly <2.0 wt.%; see Table 1 ), and by the good correlations between abundances of "alteration mobile" elements (e.g., Rb, Ba) and "alteration immobile" elements (e.g., Th, Nb, La, Zr) ( Fig. 7) . For the Jining 119.6108.6 Ma basalts, the elevated Rb and Ba content are not the result of post-magmatic processes, but inherited from the source or source histories. For the Jining 23.521.9 Ma basalts, we consider that the anomalously high Rb and Ba in a few samples (Fig. 7a, b ) are also inherited from the source (see below). The effect of
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post-magmatic processes, if any, is limited to Sr and Pb in sample WYF-10 ( Fig. 6b) , and Pb in sample YYG-18 (Fig. 6d ), whose LOI is 2.09 and 1.91, respectively. In summary, post-magmatic processes may have affected only Sr and Pb in a few samples, which will not affect our petrogenetic interpretations for these rock suites (see below).
Crustal contamination
The NCC crust is characterized by elevated abundances of SiO 2 (61.9 wt.% on average) and large ion lithophile elements (LILEs; e.g., Rb, Ba, Th, U), depletion of high field strength elements (HFSEs; e.g., Nb, Ta) (Gao et al., 1998) (Gao et al., 1998) , which is consistent with negligible crustal contamination.
(2) Nb/U ratio ranges are: 101.4109.7 for the 119.6108.6 Ma basalts, 55.884.6 for the 23.521.9 Ma basalts, and 76.779.1 for the Quaternary basalts, which are all significantly higher than those of MORBs and OIBs (Nb/U = 47±10; Hofmann et al., 1986) .
Because the Nb/U ratio of the NCC continental crust is low (10.6; Gao et al., 1998) , addition of an insignificant amount of continental material to the erupted magma would have affected this elemental ratio; (3) For the 23.521.9 Ma basalts, although there is a weak negative correlation between ε Nd (t) and SiO 2 ( Fig. 9d) , the presence of mantle xenoliths in both Dongba basalts and Youyinggou basalts, which is consistent with the interpretation of rapid ascent of magma and thereby having limited crustal residence (Sun et al., in preparation) , argue again that the contamination is limited. Note that the sample DB-07 has relatively higher 87 Sr/ 86 Sr i and lower ε Nd (t). We consider such a Sr-Nd isotopic characteristic was not caused by contamination of the continental crust, but was inherited from the magma source (see details below).
Fractional crystallization
As all three Jining basalt suites show insignificant crustal assimilation/contamination, the highly evolved characteristics with low On MgO variation diagrams (Fig. 5) , the 23.521.9 Ma samples form a negative trend in SiO 2 -MgO space and positive trends in oxygen fugacity under lithospheric mantle conditions will be needed to test this hypothesis.
Petrogenesis of 119.6108.6 Ma basalts
As we have demonstrated above that crustal contamination and post-magmatic alteration were rather insignificant for these basalts, we can thus discuss their petrogenesis in terms of mantle sources and source histories as well as melting conditions.
The 119.6108.6 Ma basalts have elevated abundances of incompatible elements, strongly fractionated REE patterns with high LREE/HREE ratios (Fig. 6a, b) , and enriched isotopic signatures with high 87 Sr/ 86 Sr i , low ε Nd (t) and low ε Hf (t) ( Table 2 and Fig. 8a , b).
They are isotopically more enriched than most of the present-day OIB as shown in Sr-Nd isotope space (see Fig. 8a ). Importantly, these 119.6108.6 Ma basalts from the west NCC are still far less enriched than the 125 Ma Fangcheng basalts from the east NCC (Zhang et al. 2002; see Fig. 8) . Such isotopically moderately enriched signatures could result from: (1) mantle sources with components of recycled sediments; (2) partial melting of ancient metasomatized lithospheric mantle.
Because sediments have higher Pb and lower Nb, Ta (Plank and Langmuir, 1998) than OIB, it would impart such signatures in the erupted basalts if recycled sediments were indeed the enriched components in the source (Niu et al., 2012) , which is not observed in the 119.6108.6 Ma basalts (Fig. 6b) . Thus we prefer explanation (2), which is supported by the existence of old lithospheric relicts in the uppermost mantle beneath the west NCC, recognized recently through Sr-Nd-Os isotope studies of mantle xenoliths hosted in the Sanyitang Miocene basalts .
Assuming that the NCC had similar lithosphere history with similar lithospheric mantle composition before the east NCC lithosphere had been thinned, then the ancient lithospheric mantle is expected to be similar beneath east and west NCC in terms of Sr-Nd-Hf isotopes. Indeed, in Sr-Nd isotope space, the Jining 119.6108.6 Ma basalts plot in the field of NCC old lithosphere mantle (Zhang et al., 2002 (Zhang et al., , 2008 , providing evidence that the source of these basalts may be metasomatized lithospheric mantle. Furthermore, these isotopic features are also similar to those of Mesozoic high-Mg andesites in Wulanhada (Fig. 8) , whose source are interpreted as
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metasomatically enriched mantle material (Zhang et al., 2003; Yang et al., 2006) . Thus, taking both isotope (Fig. 8 ) and trace element systematics (Fig. 6a, b) together, we propose that the Jining 119.6108.6 Ma basalts are most consistent with an origin of partial melting of metasomatized lithospheric mantle.
The mantle metasomatism has been a long held concept used to explain the geochemically enriched signatures of the cratonic lithospheric mantle (e.g., Lloyd and Bailey, 1975; Hawkesworth et al. 1990 ), and such enriched (metasomatized) lithospheric mantle has been considered as one important source reservoir for alkalic volcanism (Hawkesworth et al. 1990; Furman, 1995; Niu, 2008; Pilet et al., 2008; Guo et al., 2014) . In the context of the global OIB petrogenesis, Niu and co-authors proposed that the contact between the growing oceanic lithosphere and the subjacent asthenosphere (or seismic low velocity zone i.e., LVZ) is the most likely location of mantle metasomatism because of the presence of low-degree (low-F) melt highly enriched in volatiles and incompatible elements in the LVZ O'Hara, 2003, 2009; Niu et al., 2012) . The ultimate source of the low-F melt can be internally generated under the conditions of the LVZ (Niu, 2008) or subducted seafloor materials including terrigenous sediments and carbonaceous sediments (Guo et al., 2014) .
The subducted ocean crust is expected to be enriched in Nb (vs. Th) and Ta (vs. U) after going through subduction dehydration (Niu and Batiza, 1997; Niu et al., 2002a) , which, along with carbonaceous sediments, can produce low-F melt to metasomatize the deep portions of the cratonic lithosphere. Apart from the low-F melt, veins of pyroxenite and hornblendite formed during the lithosphere growth also play an important role in the petrogenesis of OIB (Niu, 2008; Pilet et al., 2008 Pilet et al., , 2010 Niu et al., 2012 Fig. 6a, b ; Fig. 8 and Fig. 10 ).
Petrogenesis of Jining 23.521.9 Ma basalts
The 23.521. Cenozoic basalts from eastern China studied previously (Basu et al., 1991; Yang et al., 2006; Ho et al., 2011; Zhu et al., 2012) , and plot in the OIB field in 87 Sr/
86
Sr i -ε Nd (t) and ε Nd (t)-ε Hf (t) spaces ( Hofmann et al., 1986) , and the Nb/U ratios for the 23.521.9 Ma basalts are significantly higher than the values for OIB+MORB ( Fig.   11c ; Hofmann et al., 1986) ; (3) Cenozoic basalts ( Fig. 8a ; may also reflect the contribution of lithospheric mantle to these samples. In addition, the high Ba content in DB-07 (also samples YYG-08 and YYG-18) is most likely related to the subducted carbonaceous sediments in the first place (Guo et al., 2014) .
We interpret the Jining 23.521.9 Ma basalts resulted from partial melting of metasomatized asthenosphere or LVZ beneath the NCC, but the question concerns the origin of the low-F melt. 
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Paleo-Pacific slab lying in the mantle transition zone (410660 km) beneath the region could be the best source of fluids and hydrous melts (Niu, 2005; Kuritani et al., 2011; Sakuyama et al., 2013) , i.e., the low-F melt (metasomatic agent) to metasomatize the deep portions of the cratonic lithosphere and LVZ. This process can explain the petrogenesis of the Jining 23.521.9 Ma basalts in particular, also the petrogenesis of the Cenzoic basalts from eastern China in general.
Petrogenesis of Jining Quaternary basalts
The 8a ) and ε Nd (t)-ε Hf (t) spaces (Fig. 8b ). These basalts also have an enriched characteristic with elevated incompatible element abundances (Fig. 6e, f i.e., any Ta and Nb anomalies in lavas must be a source signature inherited from previous events. Quaternary basalts also plot in the ranges of the 23.521.9 Ma basalts (Fig. 11b, c) .
Despite the similar origin, there are also differences between the Quaternary basalts and the 23.521.9 Ma basalts. For example, the Quaternary basalts show basically lower moderately/weakly incompatible elements ratios than the 23.521.9 Ma basalts (Fig. 12 ). Now that these two stages of volcanism have very similar asthenosphere source, the differences of moderately/weakly incompatible elements ratios, thus, most probably result from varying extent of melting. Niu et al. (1996) found moderately/weakly incompatible elements ratio is much more sensitive to the extent of melting than involving highly incompatible elements. Thus, the lower moderately/weakly incompatible element ratios for the Jining Quaternary basalts (Fig. 12 ) may qualitatively suggest their derivation from a greater extent of melting than the Jining 23.521.9 Ma basalts.
The differences in ratios of moderately/weakly incompatible elements between the 23.521.9 Ma basalts and the Quaternary basalts effectively demonstrate that the lithosphere thickness control the geochemistry of erupted basaltic melts, i.e., the "lid effect" (Niu et al., 2011) . Explicitly, the petrogenesis of the 23.521.9 Ma basalts represents asthenospheric melting and melt extraction beneath the thinned lithosphere, but the Jining Quaternary basalts reflect melting beneath the even thinner lithosphere. The 23.521.9 Ma basalts and the Quaternary basalts both reflect the asthenospheric melting began in the garnet lherzolite stability field, but the final depth of melting for the Quaternary basalts is shallower with thinner lithosphere. This is well reflected by the dilution of the low-F melting signature (i.e.,
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lower abundances of incompatible elements) and the weaker "garnet signature" (e.g., lower [Sm/Yb] N ) for the Quaternary basalts with greater extent of melting in the spinel peridotite stability field (see Niu et al., 2011 for details). This concept is elaborated below.
Lithosphere thinning in west NCC
As mentioned above, the west NCC and the east NCC should not have big differences in both the lithosphere thickness and other lithosphere properties (e.g., lithology) since the collision between its east and west blocks at 1.8 Ga (Zhao et al., 2001) . Despite the lack of diamondiferous kimberlite occurrence in the west NCC, the lithosphere thickness is theoretically no less than ~200 km before thinned in the Mesozoic. Chen et al. (2009) and Chen (2010) suggested lithosphere thickness beneath the Ordos Block is ~200 km at present, while the lithospheric thickness under the late Cenozoic Yinchuan-Hetao and Shaanxi-Shanxi rift areas is as thin as ~80 km.
Therefore, the lithosphere under west NCC must have been thinned, at least on local scales (e.g., Yinchuan-Hetao area, Shaanxi-Shanxi rift area).
The change from an old, cold, thick and fertile "cratonic" lithospheric mantle to a young, hot, thin and depleted oceanic-like lithospheric mantle (Menzies et al., 1993; Griffin et al., 1998) (Fig. 8a, b) . The distribution of the Jining basalts, as well as other nearby basalts in this region (e.g., Zhang and Han, 2006; Ho et al., 2011; , confined within this region of thinned lithosphere in the west NCC Chen et al., 2009; Chen, 2010) , is also evidence that lithosphere under the west NCC had been thinned on local scales.
Recent observations (Humphreys and Niu, 2009; Niu et al., 2011) demonstrate that on a global scale, the intra-plate ocean island basalts show compositional variation that is, in simple clarity, consistent with the lithosphere thickness variation, i.e., the lithosphere thickness controls the composition of the erupted basalts or the "lid effect" (Ellam, 1992; Niu et al., 2011) . That is, the extent of melting is lower beneath the thicker lithosphere with the melt having higher abundances of incompatible elements and stronger garnet signature than beneath the thinner lithosphere. Niu et al. (2011) suggested the concept of the "lid effect" also applies to the petrogenesis of basalts erupted in continental settings. As shown above, the Jining Miocene basalts of 23.521.9 Ma display a lower degree of partial melting signature with greater garnet signature relative to the Jining Quaternary basalts (Fig. 12) , which means the lithosphere thickness during the 23.521.9 Ma volcanism is thicker than that in the Quaternary.
Geodynamics
The geodynamics of lithosphere thinning and the early Cretaceous volcanism in the west NCC
Consensus has been reached in recent years that the east NCC lost its ancient subcontinental lithospheric mantle (SCLM) roots
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during the Mesozoic, and its thickness has been reduced from more than ~200 km in the Paleozoic to less than ~80 km at present (Griffin et al., 1998; Fan et al., 2000; Gao et al., 2002) . In contrast, the SCLM beneath the west NCC remains thick (Deng et al., 2004) .
However, our study and the high-resolution seismic studies of the NCC (e.g., Chen et al., 2009; Chen, 2010) , 1993; Griffin et al., 1998; Xu, 2001 ) because this model need extra heat that is unavailable. Furthermore, the thermal-mechanical erosion model describes a gradual, long-lived process, which is inconsistent with lithosphere thinning related magmatism that may have taken place in a relatively short period of 135-115 Ma (Wu et al., 2008) .
Lithosphere delamination is another model invoked to explain the lithosphere thinning in the NCC (Gao et al., , 2009 Xu et al., 2006) . While this interpretation is attractive, it is physically not straightforward how the buoyant lithosphere sink into the dense asthenosphere. Davis and Darby (2010) and Wang et al. (2012) proposed that large-scale crustal stretch/extension occurred across the northeastern section of continental Asia in the late Cretaceous by studying the metamorphic core complexes. They further suggested that the post-orogenic collapse of the Okhotsk orogenic processes can be responsible for the weaker destruction of the west NCC. However, this model lacks a physically plausible mechanism to explain the lithosphere thinning and related volcanism.
It is now well understood that there are three basic mechanisms through which a solid rock can be partially melt to form magmas (see Niu, 2005) : (1) heating, (2) decompression, and (3) volatile addition. As discussed above, heating is unlikely as the effective mechanism for the lithosphere thinning and magmatism in the NCC. Decompression melting can explain the petrogenesis of basaltic magmatism at ocean ridges and in rifting areas, but basalts in these settings differ from those in the NCC. While the traditional 'lithosphere delamination' is an interesting concept, it has physical difficulties in causing lithosphere thinning and thus related magmatism. Post-orogenic extension is a vague description without mechanism for large scale lithosphere thinning and related magmatism. Volatile addition, thus, deserves attention in causing lithosphere thinning and the petrogenesis of the 119.6108.6 Ma basalts in the Jining area.
Niu (2005) suggested that the water released from the subducted oceanic lithosphere in the mantle transition zone beneath eastern China will rise in the form of hydrous melt through the upper asthenospheric mantle and reach the lithosphere. This hydrous melt can effectively hydrate the base of the existing lithosphere and convert its deep portion into asthenosphere in terms of physical properties such as viscosity. This is a physically straightforward mechanism to account for the lithosphere thinning in the east NCC (the region east to the GGL). Whether such mechanism works in the west NCC remains unknown because it is uncertain whether Paleo-Pacific slab
indeed exited beneath the west NCC in the Mesozoic. Niu (2005) lithosphere beneath the hilly plains in eastern China, the asthenospheric replenishment from beneath the plateaus to beneath eastern China must experience decompression. And this decompression can cause the flowing asthenosphere to melt and give rise to the Cenozoic volcanism in eastern China (see Niu, 2005) . We consider this as a logically sound hypothesis, but further effort is needed to test this hypothesis. As the Jining Cenozoic volcanic province is the westernmost Cenozoic volcanic province located in the NCC, we consider Jining area should be the first place to experience the decompression of eastward asthenospheric flow. Thus the Jining Cenozoic basalts (both of 23.521.9 Ma and 1.30.11 Ma) may be the very product from such a decompression melting.
A model for the lithosphere evolution
The foregoing discussion allows us to vision the lithosphere evolution schematically shown in Fig. 13 . It illustrates the spatial and temporal variation of the lithosphere under the Jining volcanic province. As shown in Fig. 13a , the lithosphere in Jining area was thick
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and fertile before 119.6 Ma. The metasomatic veins were long before formed by accreting the subjacent volatile (e.g. H 2 O, CO 2 , etc.) and incompatible element enriched material (Niu 2008; Niu and O'Hara, 2003) . Fig. 13b illustrates the water released from the transition-zone slabs and hydrous melt can hydrate and weaken the basal portion of the existing lithosphere, whose melting produced the Jining 119.6108.6 Ma volcanism. The lithosphere under such area evolved, from the early Cretaceous to the Miocene, to become more depleted as the enriched components have been progressively melted and extracted; this process eventually transformed the lower portion of the ancient lithospheric mantle into the asthenospheric mantle in terms of physical properties. In the Cenozoic, the melt generated from partial melting of the metasomatized asthenosphere randomly assimilated the early formed metasomatized vein lithologies within the overlying lithosphere during ascent, producing the Jining 23.521.9 Ma basalts (Fig. 13c) . Lithosphere thinning in the west NCC is a diachronous process and this thinning continues to the present. The Jining Quaternary basalts represent the products derived from asthenosphere beneath the thinned and thinner lithosphere than that during the 23.521.9 Ma magmatism as illustrated in Fig. 13d . et al., 2005) , from location DB dated at 21.9 Ma (Chen et al., 2004) , from location YYG dated at 23.523.3 Ma (Zhao et al., 2013) , and from location BYCG dated at 1.30.11 Ma (Ho et al., 2008) . For comparison, average composition of ocean island basalts (OIB; Sun and McDonough, 1989 ) and the average NCC crust (Gao et al., 1998) are also plotted. Chondrite and primitive mantle values are from Sun and McDonough (1989) . Mesozoic basalts from Fangcheng (Zhang et al., 2002) , Cenozoic basalts from east NCC (Peng et al., 1986; Song et al., 1990; Zhi et al, 1990; Basu et al., 1991; Liu et al., 1995a Liu et al., , 1995b , Wulanhada high-Mg andisites (Zhang et al., 2003) in the literature are also plotted. Sr and Nd isotope data for the clinopyroxene separates from lherzolite xenoliths in the Sanyitang basalts 
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share a similar enriched magma source in terms of Nb and Ta. LCC and UCC are, respectively, average composition of the lower and upper crust of the NCC (Gao et al., 1998) ; PM denotes primitive mantle (Sun and McDonough, 1989) . The literature data for 23.521.9
Ma basalts (grey solid triangle) and the Quaternary basalts (grey solid circles) are from Ho et al. (2011) and . Ma Jining basalts originated from enriched asthenospheric mantle. Field for mid-ocean ridge basalts (MORB), ocean island basalts (OIB), Dupal OIB, primitive mantle (PM) in (a) are after Wilson (1989) and the average NCC crust is after Gao et al., (1998) . The average ratios of Nb/U and Ce/Pb in OIB and MORB are after Hofmann et al. (1986) . Fig. 12 (a) 119.6 -108.6 Ma (Zhang et al., 2005) 23.5 -23. A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T 
